The results of a previous search by the CMS Collaboration for squarks and gluinos are reinterpreted to constrain models of leptoquark (LQ) production. The search considers jets in association with a transverse momentum imbalance, using the M T2 variable. The analysis uses proton-proton collision data at ffiffi ffi s p ¼ 13 TeV, recorded with the CMS detector at the LHC in 2016 and corresponding to an integrated luminosity of 35.9 fb −1 . Leptoquark pair production is considered with LQ decays to a neutrino and a top, bottom, or light quark. This reinterpretation considers higher mass values than the original CMS search to constrain both scalar and vector LQs. Limits on the cross section for LQ pair production are derived at the 95% confidence level depending on the LQ decay mode. A vector LQ decaying with a 50% branching fraction to tν, and 50% to bτ, has been proposed as part of an explanation of anomalous flavor physics results. In such a model, using only the decays to tν, LQ masses below 1530 GeV are excluded assuming the Yang-Mills case with coupling κ ¼ 1, or 1115 GeV in the minimal coupling case κ ¼ 0, placing the most stringent constraint to date from pair production of vector LQs.
I. INTRODUCTION
Leptoquarks (LQ) are hypothetical particles with quantum numbers of both quarks and leptons [1] . The spin of an LQ state is either 0 (scalar LQ, denoted LQ S ) or 1 (vector LQ, denoted LQ V ). Leptoquarks appear in theories beyond the standard model (SM) such as grand unified theories [1] [2] [3] [4] , technicolor models [5] [6] [7] [8] , compositeness scenarios [9, 10] , and R parity [11] violating supersymmetry (SUSY) [12] [13] [14] [15] [16] [17] [18] [19] [20] .
A growing collection of anomalies have been observed in flavor physics by the BABAR [21, 22] , Belle [23] [24] [25] [26] , and LHCb [27] [28] [29] [30] [31] Collaborations. These have been explained as hints of lepton flavor universality violation in both charged-and neutral-current processes. Leptoquarks have been suggested as an explanation of these results [32] [33] [34] [35] [36] [37] [38] . In particular, the best fit model of Refs. [37, 38] predicts an LQ V with a mass of OðTeVÞ decaying with 50% branching fraction to either a top quark and a neutrino (tν) or a bottom quark and a tau lepton (bτ). Such a state would therefore be visible at the CERN LHC.
At the LHC, LQ can be produced either in pairs or singly in association with a lepton. In this paper, we focus on LQ pair production with both decaying to a neutrino and a top, bottom, or light quark (any single one of up, down, strange, or charm). The dominant leading-order (LO) diagrams for pair production at the LHC are shown in Fig. 1 . The models for LQ S and LQ V pair production are taken from Ref. [38] , which provides a concrete implementation of the models from Ref. [37] . For LQ S , the pair production cross section depends only on the LQ mass. For LQ V , there are additional constraints imposed by unitarity at high energy scales leading to model dependent solutions and thus production cross sections. In the model developed to explain the flavor physics anomalies [38] , the additional relevant parameter for the LQ V pair production cross section is κ, a dimensionless coupling that is 1 in the Yang-Mills case and 0 in the minimal coupling case, and we consider both values. For κ ¼ 1, the cross section for LQ V pair production is a factor of 5-20 times larger than that of LQ S , depending on the LQ mass. The other free parameters in the LQ V model are g t L and g b L , the couplings of the LQ V to tν and bτ pairs respectively, but they do not affect the cross section or kinematics for pair production.
The pair production of LQ S , each decaying to a quark and neutrino, results in the same final states and kinematics as those considered in searches for squark pair production in R-parity conserving SUSY, assuming that the squark decays directly to a quark and a massless neutralino [39] . In both cases, the initial particles are scalars (LQ S or squark) produced strongly via quantum chromodynamics (QCD), and the decay products are a quark and a nearly massless fermion (neutrino or neutralino). In practice, the decay products in LQ V pair production are also found to have similar kinematics [39] . Searches for squark pair production are therefore already optimized to search for LQ pair production. Constraints on LQ production with decays to a quark and a neutrino have been placed using LHC data by the ATLAS [40] and CMS [41] [42] [43] Collaborations for an LQ decaying to the bτ channel as predicted in the model of Refs. [37, 38] .
The results from the CMS search for jets in association with a transverse momentum imbalance (p miss T ) using the M T2 variable [57] , reported in Ref. [58] and initially interpreted for squark and gluino production, have recently been reinterpreted as part of a review of LQ searches to place the strongest limits on the pair production of LQ decaying to a quark and a neutrino [39] . However, for LQ V , the pair production cross sections are large enough that the mass range of interest was not covered by the simulated samples used in Ref. [58] . In particular, for an LQ V decaying to tν as predicted to explain the flavor physics anomalies, the mass limit was derived from a flat extrapolation assuming that the cross section limit stayed the same at higher masses. To improve upon these constraints, in this paper we present an extended interpretation of the search from Ref. [58] , where the selections, predictions, and uncertainties of the original analysis have not been changed. Exploiting the similarity in final states between squark and LQ pair production, we verify that the acceptance of our analysis is consistent within uncertainties for squark, LQ S , and LQ V pair production for the same squark/ LQ mass, assuming a neutralino mass of 1 GeV in the squark case. We thus proceed to use simulated squark samples to place limits on both LQ S and LQ V production. Using the full analysis information including all signal regions and correlations, we extend the interpretations from Ref.
[58] to higher mass values, allowing us to improve the upper limits on LQ pair production cross sections in the tν decay channel by as much as a factor of 2.8 over the flat extrapolation assumed in Ref. [39] . With this approach, we derive the strongest coupling-independent constraints to date on the anomaly-inspired model of Refs. [37, 38] .
II. ANALYSIS OVERVIEW
This study reinterprets the CMS search for jets and p miss T using the M T2 variable. The analysis is unchanged with respect to Ref. [58] , where a full description can be found, and is briefly summarized here. The search uses protonproton collision data at ffiffi ffi s p ¼ 13 TeV, recorded with the CMS detector in 2016, and corresponding to an integrated luminosity of 35.9 fb −1 . A description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. [59] .
Event reconstruction is based on the particle-flow (PF) algorithm [60] . Jets are clustered from PF candidates using the anti-k T clustering algorithm [61] with a distance parameter of R ¼ 0.4, as implemented in the FASTJET package [62] , and are required to have pseudorapidity jηj < 2.4. Jets with transverse momentum p T > 20 GeV are identified as originating from b quarks ("b tagged") using the combined secondary vertex algorithm [63] , and the number of b-tagged jets is denoted N b . For all other quantities considered in the analysis, jets are required to satisfy p T > 30 GeV. The number of passing jets is denoted N j , and the variable H T is defined as the scalar sum of jet p T . The missing transverse momentum vector, ⃗p miss T , is defined as the negative vector sum of the momenta of all reconstructed PF candidates originating from the primary vertex, projected onto the plane perpendicular to the proton beams. Its magnitude is referred to as p For events with N j ≥ 2, the variable M T2 is computed from the jets and the ⃗p miss T as described in Ref. [58] . The M T2 A. M. SIRUNYAN et al. PHYS. REV. D 98, 032005 (2018) variable takes on small values for events where the momentum imbalance arises from jet mismeasurement, typical of the QCD multijet background, and it yields larger values in events with genuine ⃗p miss T . The baseline selection for events with N j ≥ 2 requires M T2 > 200 GeV, which is raised to M T2 > 400 GeV for events with H T > 1500 GeV to further reject multijet background.
Events with N j ≥ 2 passing the baseline selection are categorized according to four variables: H T , M T2 , N j , and N b . Events with N j ¼ 1 are categorized according to the jet p T and the presence or absence of a b-tagged jet. The analysis spans a wide range of kinematics and jet multiplicities, containing 213 search bins in total, to maintain sensitivity to a variety of new physics signatures.
The SM backgrounds to the search comprise three classes of processes: Z þ jets production with the decay Z → νν, W þ jets or tt þ jets production with the decay W → lν where the charged lepton is outside the acceptance or not identified ("lost lepton"), and QCD multijet production where ⃗p miss T arises from jet mismeasurement. Each of these backgrounds is predicted primarily from data control regions: Z þjets from Z → l þ l − events, W þ jets and tt þ jets from events containing an identified electron or muon, and QCD multijets from events where at least one of the jets is aligned in ϕ with ⃗p miss T .
Depending on the LQ mass and decay products, different search bins provide the greatest signal sensitivity. Figure 2 shows the M T2 distribution for data, the background predictions, and a hypothetical LQ V signal in the two most sensitive search categories for an LQ of mass 1500 GeV decaying with 100% branching fraction to tν.
Taking into account all of the analysis bins, no significant deviations from the SM prediction are observed. Simultaneous maximum likelihood fits to data yields in all bins are performed, and the results are interpreted as limits on the production cross sections of hypothetical scenarios of LQ pair production.
III. SIMULATED SAMPLES
Monte Carlo (MC) simulated samples are used to estimate the background from some SM processes, to assess systematic uncertainties in prediction methods that rely on data, and to calculate the selection efficiency for signal models. The main background samples (Z þ jets, W þ jets, and tt þ jets), as well as signal samples, are generated at LO precision in perturbative QCD with the MADGRAPH5_AMC@NLO v2.3.3 generator [64] . Up to four, three, or two additional partons are considered in the matrix element calculations for the generation of the V þ jets ðV ¼ Z; WÞ, tt þ jets, and signal samples, respectively. The NNPDF3.0 LO [65] parton distribution functions (PDFs) are used in the event generation. Parton showering and fragmentation are performed using the PYTHIA v8.212 [66] generator and the CUETP8M1 tune [67] . The potential double counting of the partons generated with MADGRAPH5_AMC@NLO and those with PYTHIA is removed using the MLM [68] matching scheme. The samples used for the SM backgrounds are unchanged from Ref. [58] , and the details of the sample generation for other SM processes are described further there.
Additional proton-proton interactions in the same or nearby bunch crossings (pileup) are generated with PYTHIA and superimposed on the hard collisions. The response of the CMS detector to SM background samples is simulated using a GEANT4-based model [69] , while that to new physics signals is modeled using the CMS fast simulation package [70] . All simulated events are processed with the same chain of reconstruction programs as used for collision data. Corrections are applied to simulated samples to account for differences between measurements in data 
The 95% C.L. upper limits on the production cross sections as a function of LQ mass for LQ pair production decaying with 100% branching fraction to a neutrino and (upper left) a light quark (one of u, d, s, or c), (upper right) a bottom quark, or (lower) a top quark. The solid (dashed) black line represents the observed (median expected) exclusion. The inner green (outer yellow) band indicates the region containing 68 (95%) of the distribution of limits expected under the background-only hypothesis. The dark blue lines show the theoretical cross section for LQ S pair production with its uncertainty. The red (light blue) lines show the same for LQ V pair production assuming κ ¼ 1 (0). Also shown (lower) in magenta is the product of the theoretical cross section and the square of the branching fraction (B), for vector LQ pair production assuming κ ¼ 1 and a 50% branching fraction to tν τ , with the remaining 50% to bτ. and the GEANT4 simulation of the trigger, b tagging, and lepton selection efficiencies. Additional differences arising from the fast simulation modeling of selection efficiencies, as well as from the modeling of p miss T , are corrected in the fast simulation and included in the systematic uncertainties considered.
The generated signal samples used for this interpretation consist of simplified models [71] [72] [73] [74] [75] of squark pair production, with the squark decaying to a quark of the same flavor and a neutralino with mass of 1 GeV. Three samples are generated with different squark flavors: "light" squarks with an equal fraction of (ũ,d,s,c), bottom squarks, and top squarks. Squark masses up to 2300 GeV are generated, compared to Ref. [58] where the generated samples extended to masses of 1800 GeV for light squarks, 1450 GeV for bottom squarks, and 1200 GeV for top squarks. Below those mass values, the previous samples generated with the same configuration are used.
Samples of pair production of LQ S and LQ V are also generated for a limited number of LQ mass values, to verify that the acceptance of the analysis at generator level is consistent with the squark samples used. Samples of LQ S pair production are generated with the PYTHIA v8.205 generator, using the NNPDF2.3 LO [76] PDFs. Samples of LQ V pair production are generated with the MADGRAPH5_AMC@NLO generator at LO precision in perturbative QCD, including up to two additional partons in the matrix element calculations and using the MLM matching scheme and NNPDF3.1 LO [77] PDFs. The variables defined in Sec. II are computed at generator level, and the kinematics of the generated squark samples are compared to those of LQ S and LQ V pair production samples. The acceptance of both the baseline analysis selection and the kinematic requirements for the most sensitive signal regions is found to be consistent within statistical uncertainties of ∼3%-10% for the squark, LQ S , and LQ V samples. The statistical uncertainty of the simulated signal samples is included when using the squark samples to set limits on LQ pair production, and based on this study no additional correction for, or systematic uncertainty in, the signal acceptance is applied.
To improve the modeling of the multiplicity of additional jets beyond those from the hard scatter process, we weight the signal MC events based on the number of such jets, denoted N ISR j for initial-state radiation (ISR). The weighting factors are derived from a control region enriched in tt events, obtained by selecting events with exactly two leptons (ee, μμ or eμ) and exactly two b-tagged jets. The factors are chosen to make the simulated jet multiplicity agree with data, and they vary between 0.92 for N ISR j ¼ 1 and 0.51 for N ISR j ≥ 6. We take one half of the deviation from unity as the systematic uncertainty in these reweighting factors, as an estimate of the differences between tt and signal production.
The cross sections for LQ S or LQ V pair production are computed to next-to-leading-order (NLO) or LO precision in perturbative QCD, following Ref. [38] and using the NNPDF2.3 NLO or LO PDF set, respectively. In the LQ V model, we assume g t L ¼ g b L ¼ 0.1, and either κ ¼ 1 or κ ¼ 0, as predicted to explain the flavor physics anomalies. The uncertainties in cross section calculations arise from PDF variations and from the renormalization and factorization scale variations. For PDF uncertainties, the NNPDF2.3 PDF set variations are used. For scale uncertainties, renormalization and factorization scales are varied up and down by a factor of two with respect to the nominal values. The theoretical uncertainties in the cross section are not included in the limit calculation but displayed separately in Fig. 3 .
IV. INTERPRETATION
The search results of Ref.
[58] are interpreted to place cross section limits on LQ pair production as a function of the LQ mass. A modified frequentist approach is used, employing the CL s criterion and an asymptotic formulation [78] [79] [80] [81] . The uncertainties in the signal acceptance and efficiency, and in the background predictions, are incorporated as nuisance parameters. The observed data yields in control regions are parameterized using gamma functions, while other nuisance parameters are implemented using log-normal functions, whose widths reflect the size of the systematic uncertainty.
The following sources of uncertainty in the signal acceptance and efficiency are evaluated and taken to be fully correlated across all analysis bins: determination of the integrated luminosity [82] , trigger efficiency, lepton identification and isolation efficiency, lepton efficiency modeling in fast simulation, b tagging efficiency, jet energy scale, modeling of p miss T in fast simulation, modeling of ISR, simulation of pileup, and variations of the generator factorization and renormalization scales. The statistical uncertainty of the simulated signal samples is taken to be uncorrelated in every bin. The total uncertainty in the signal acceptance is typically around 5%-25% in the most sensitive analysis bins. A detailed discussion of the uncertainties in the background prediction can be found in Ref. [58] .
Exclusion limits at the 95% confidence level (C.L.) on the cross section of LQ pair production are shown in Fig. 3 . In each case, we assume that there is only one LQ state with low enough mass to be produced at the LHC, and that any other potential LQ states have masses too large to be produced. We assume that the LQ decays with 100% branching fraction to a neutrino and a single type of quark, as specified below. In the simulated samples used to determine the signal acceptance, and for the cross sections displayed, we consider only LQ pair production and not single LQ production.
We first consider LQ decays to a neutrino and a light quark, which can be any single one of the u, d, s, or c quarks. As the analysis includes categorization in the number of b-tagged jets, and the probability for a c quark to pass the b tagging selection is larger than that of the u, d, and s quarks, we check whether the cross section limit obtained for an LQ decaying to cν differs significantly from an LQ decaying to a neutrino and one of the other light quarks. The cross section limit differs by at most 10%, resulting in a negligible impact on the mass limit, and we therefore do not produce separate limit results for these cases. The observed and expected limits on the LQ mass, and the corresponding cross sections for the excluded mass values, are summarized in Table I .
The observed limit is more stringent than expected by up to 2 standard deviations in the LQ mass range of about 400-600 GeV for a decay to a light or bottom quark and a neutrino, and in the range of about 500-900 GeV for the tν decay channel. The most sensitive analysis bins differ in each case, primarily in the N j and N b requirements. The background estimates for these bins are derived from statistically independent control regions, so the predictions and uncertainties are largely uncorrelated among these interpretations.
The model proposed in Refs. [37, 38] as an explanation of the flavor physics anomalies predicts an LQ V with 50% branching fraction to each of the tν and bτ channels. As our analysis removes events with charged leptons, including hadronically decaying τ leptons, we only consider the 25% of events where both LQ decay to tν to place constraints on this model. We show the theoretical prediction for this branching fraction as a separate curve in Fig. 3 (lower) assuming κ ¼ 1. For κ ¼ 1, we find an observed (expected) limit on the LQ V mass of 1530 (1460) GeV, while for κ ¼ 0 we obtain a limit of 1115 (1095) GeV. The mass limit in the κ ¼ 1 case corresponds to a value of 1.3 (2.1) fb for the product of the LQ pair production cross section and the square of the branching fraction, while for κ ¼ 0, the value is 3.7 (4.2) fb.
V. SUMMARY
The CMS search for jets and missing transverse momentum using the M T2 variable has been reinterpreted to place limits on leptoquark (LQ) pair production, where the LQ decays with 100% branching fraction to a quark and a neutrino. The search uses proton-proton collision data at ffiffi ffi s p ¼ 13 TeV, recorded with the CMS detector in 2016
and corresponding to an integrated luminosity of 35.9 fb −1 . Leptoquark decays to a neutrino and a top, bottom, or light quark are considered. Compared to the original result, higher masses are considered to place exclusion limits on scalar LQs, and on vector LQs assuming either the YangMills (κ ¼ 1) or minimal (κ ¼ 0) coupling scenarios. Assuming that there is only one LQ state within mass reach of the LHC and that it decays to a light quark and a neutrino, masses below 980, 1790, and 1410 GeV are excluded at the 95% confidence level by the observed data in the scalar, vector κ ¼ 1, and vector κ ¼ 0 scenarios. For an LQ decaying to bν, masses below 1100, 1810, and 1475 GeV are excluded, while for an LQ decaying to tν, masses below 1020, 1780, and 1460 GeV are excluded. In the model of Refs. [37, 38] , a vector LQ with 50% branching fraction to tν, and 50% to bτ, is predicted to explain anomalous flavor physics results. Masses below 1530 (1115) GeV are excluded for such a state assuming κ ¼ 1 (κ ¼ 0), considering only the events with both LQ decaying to tν, providing the strongest constraint to date in this model from pair production.
ACKNOWLEDGMENTS
We congratulate our colleagues in the CERN accelerator departments for the excellent performance of the LHC and thank the technical and administrative staffs at CERN and at other CMS institutes for their contributions to the success of the CMS effort. In addition, we gratefully acknowledge the computing centers and personnel of the Worldwide LHC Computing Grid for delivering so effectively the computing infrastructure essential to our analyses. Finally, we acknowledge the enduring support for the construction and operation of the LHC and the CMS detector provided by the following funding agencies: BMWFW and FWF (Austria); FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES and CSF (Croatia); RPF (Cyprus); TABLE I. Summary of the observed (expected) mass limits at the 95% C.L., and the cross sections σ that correspond to the excluded mass values. The columns show scalar or vector leptoquarks with the choice of κ, while the rows show the LQ decay channel. 
